The topography of meso-DL-2,6-diaminopimelic acid incorporation into the cell envelope of Escherichia coli W7 (doubling time, , = 70 min) has been studied by autoradiography. To follow the incorporation pattern during the division cycle, cells have been classified according to length and the silver grain distributions have been determined in the two cell halves. In particular, the question of equivalence (with respect to the grain distributions) of the two cell halves has been investigated statistically. The grain localizations have been determined separately for the left cell halves (highest number of grains) and right cell halves. The highest probability of finding grains was in the central area for cells of all length classes. In the longest cells (dividing or nondividing) incorporation occurred in the future septal regions of the prospective daughter cells. Autoradiography of tritiated thymidine-labeled cells indicated the presence of an atypical deoxyribonucleic acid replication cycle (at T = 70 min). Initiation of deoxyribonucleic acid replication occurred during the latter part of the division cycle, and its termination occurred in the next cycle.
The topography of meso-DL-2,6-diaminopimelic acid incorporation into the cell envelope of Escherichia coli W7 (doubling time, , = 70 min) has been studied by autoradiography. To follow the incorporation pattern during the division cycle, cells have been classified according to length and the silver grain distributions have been determined in the two cell halves. In particular, the question of equivalence (with respect to the grain distributions) of the two cell halves has been investigated statistically. The grain localizations have been determined separately for the left cell halves (highest number of grains) and right cell halves. The highest probability of finding grains was in the central area for cells of all length classes. In the longest cells (dividing or nondividing) incorporation occurred in the future septal regions of the prospective daughter cells. Autoradiography of tritiated thymidine-labeled cells indicated the presence of an atypical deoxyribonucleic acid replication cycle (at T = 70 min). Initiation of deoxyribonucleic acid replication occurred during the latter part of the division cycle, and its termination occurred in the next cycle.
Surface growth in bacteria is a complex phenomenon. In rod-shaped bacteria, which maintain a more or less constant cell width, this includes overall length growth, i.e., how doubling in length is achieved, and also at which sites growth occurs. It is the latter point which is the subject of this paper. Various attempts have been made to elucidate the topography of Escherichia coli envelope growth. For instance, use has been made of the incorporation of radioactive constituents such as 3H-labeled meso-DL-2,6-diaminopimelic acid (DAP) specific for the murein layer (8, 10, 13) , the location of penicillin (3)-or ampicillin-sensitive sites (15) , and the location of bacteriophage receptor sites (1, 12) . So far no general agreement exists concerning the mode of growth, which clearly is a reflection of the complexity of the process of bacterial cell elongation.
Earlier autoradiographic studies on [3H]DAPpulse-labeled E. coli cells (10, 13) have been carried out on a limited number of cell classes (three). Recently, we made a more detailed study of [3H]DAP incorporation in E. coli PAT 84 (8) . In that case we also found a central area of incorporation and an indication for additional lateral zones in the longest cells.
In these studies (8, 10, 13 ) the silver grain location has been measured with respect to either the geometric center (in nondividing cells) or the visible cell constriction. Thus, it has been assumed that the two cell halves in nondividing and in dividing cells are interchangeable. A possible asymmetry in grain location would not have been detected in this way.
The work reported here is intended to provide more quantitative information about the silver grain distribution over whole-mount preparations of [3H]DAP-pulse-labeled E. coli W7 cells.
In particular, we have studied the question of whether two cell halves are equivalent with respect to location and quantity of DAP incorporation. It proved relevant to divide each cell into a left half and a right half, the left half being defined as the compartment with the largest number of grains. Grain localization was carried out separately in the left and right cell halves in various length classes.
Our preliminary conclusion is that DAP incorporation can occur everywhere (i.e., diffuse growth), but that areas are present where DAP incorporation takes place with higher probability. These areas are the (prospective) division site and, in the longest cells (dividing or nondividing), the site halfway between the cell pole and the cell center.
MATERIALS AND METHODS
Bacterial strain and growth conditions. E. coli W7 (dap lysA) was cultured in minimal medium (5) with 0.2% succinate as the carbon source, with a dou- [4] ). Under the assumption of equivalence of the cell halves (i.e., random placement of grains over the two cell halves), distributions of the calculated probabilities were obtained which were tested against the observed distributions by means of a Kolmogorov goodness-of-fit test for discontinuous distributions (2) . All continuous distributions were, if necessary, tested with the normal Kolmogorov-Smirnov test (14) .
Electron microscopy. [8] ). We considered it necessary to check whether the length distribution changes during the starvation period. Figure 1 shows an example of length distributions of a nonstarved (Fig. la) and a starved (Fig. lb) (Fig. la) . The maximum difference was 5.5%, with a critical difference of 7.2% for a = 0.10.
A starvation period is needed to obtain immediate uptake of [3H]DAP. We believe, however, that our main observations are correct, because readdition of DAP (pulse) restores the original length distribution. Nevertheless, some distortion cannot be excluded.
In Fig. lc (6) . From T and the percentage of constricting cells, the Tperiod, i.e., the period from visible constriction until cell separation, was calculated (6). The Tperiod was found to be 8.4 min. Cell width does not seem to change during cell elongation (9) ; however, some slight deviations have been observed (16) . We have verified whether the two cell halves of a dividing cell belong to the same length class. This is shown in Table 1 . This is a consequence of the fact that L, and L. are equal (3.60 pum).
Grain numbers per cell per length class.
We have counted the number of grains in length classes of nondividing ( (8, 10, 13) or the distance of the spheres to the nearest cell pole (3, 15) has been measured. In both procedures it has been assumed that the markers are randomly placed over the two cell halves. This need not be the case. One way of analyzing this problem is to count the number of grains in each cell half. In this procedure the compartment containing the greatest number of grains is arbitrarily positioned to the left (see Fig. 2 ). The number of grains lying over one cell half can cell, the observed mean number of grains in the left cell half was generally close to the expected mean. However, when the cumulative frequency distribution of observed numbers on the left halves was compared with the calculated distribution (see Appendix) and tested by the Kolmogorov goodness-of-fit test for discontinuous distributions (2), a number of grain classes proved to be nonrandom. For the dividing cells the above-mentioned analysis was not carried out because of the small sample sizes. Since 40% of the dividing cells contained cell halves belonging to different length classes (Table 1) it seemed advisable to present the grain localization over both cell halves with respect to the septum (see below).
Grain localization. In Fig. 3 the grain frequencies of nondividing cells have been plotted in both directions with respect to the distance from the geometric cell center. It is evident that from the smallest to the largest cells the central zones contain the highest numbers of grains, whereas in the larger length classes there is a tendency to exhibit a shoulder between the central peak and the polar tail. (Fig. 4) . The grain localization of the prospective daughter cells was compared with that of the nondividing cells from the corresponding length class and tested with the twosided Kolmogorov-Smirnov test for continuous distributions (14) . For the length class 1.4 ,um, there was close similarity between the grain localizations. For the 1.8 ,um class it still could not be concluded that they were different, but for the 2.2 and 2.6 ,um classes the grain localizations were quite different. This difference is of course due to the very small fraction of newborn cells in the longer length classes of nondividing cells (Fig. 1) .
The grain distributions of the dividing cells are presented in Fig. 5 the corresponding peaks in the nondividing cells. Furthermore, shoulders appear about halfway between the septum and the poles.
In the foregoing we used the distribution of prospective daughter cells to obtain informnation about the newborn cells. If we do not arrange these cells in the same way as the nondividing cells but simply plot the distance of the grains with respect to the septum, we obtain an even more pronounced appearance of the forementioned shoulder (Fig. 6) .
If we assume that the silver grain distribution is a reasonable approximation of the distribution of the radioactive sources, we can draw the conclusion that the cell regions where a septum is being formed or is planned to be formed (Fig. 7) were somewhat smaller than those of Fig. 1 although the doubling time was also about 70 min. We have no explanation for this. We believe, however, that the DNA replication pattem has not been changed in its basic forn; i.e., there is a gap between termination of DNA replication and the initiation of DNA replication of the next cycle. DISCUSSION General considerations. E. coli appears to be surrounded by glycan chains which run more or less perpendicular to the longest cell axis (17, 18) . To incorporate [3H]DAP-containing precursors, it can be envisaged that interconnected glycan chains have to split apart. From the inferred arrangement (Fig. 8 in reference 18 ) it seems plausible that this may occur all over the cell surface. The distribution of grains over the cell should answer the question of whether some sites incorporate more material than others. Apart from the poles and the septum, E. coli cells contain no markers to serve as references in topographical studies; however, for the grain localizations the frequencies of the grains have been plotted in both directions as a function of the distance from the septum or from the geometric cell center. The cells have been oriented with this procedure as described in Results. In Table 4 it can be seen that although most observed mean grain numbers on the left cell half do not deviate much from the theoretically expected mean, almost half of the grain classes have a low level of significance. This implies that although the means are very close, the probability that the distributions are equal is rather small (see Appendix). In other words in many cells the grains are not placed randomly over the two cell halves. Table 2 shows that nondividing cells with increasing length incorporate more DAP. This might be caused by an increase in the number of incorporation sites. The grain localization distributions (Fig. 3) suggest that they increase in number in length classes up to about 3.8 am, because there are no defined areas to be discerned without label. Thereafter, the selective activity of a limited number of sites seemed to predominate. This became more evident in the dividing cells (Fig. 5) . Septation, however, was not accompanied by an increase of DAP incorporation (cf. Tables 2 and 3 ).
The average length of the constricting cell (Le) and the average length of the separating cell (L8) coincided, which suggested that very little or no growth took place during septum formation. The similarity of L, and L. has also It should be noted that we chose whole cells to work with rather than sacculi. In our experience, sacculi often clump together or fragment or both. This precludes reliable estimates of grain localization with respect to cell length.
Grain localization. From the grain localizations of the nondividing cells (Fig. 3) it can be inferred that incorporation of DAP into the cell envelope occurs over the entire surface. But the probability of DAP molecules being incorporated is not uniformly distributed. Up to cell lengths of 3.4 Am (Fig. 5 ) the distributions showed a shallow gradient, with the highest number of grains in the central region. In the longer nondividing cells shoulders appeared halfway between the central region and the poles. The same occurred in the dividing cells (Fig. 5) , which became even more clear when the cell halves (the prospective daughter cells) were arranged separately into length classes (Fig. 6) . Our results are in good agreement with earlier DAP incorporation experiments (10, 13) .. The regions of high DAP incorporation are apparently connected with active or prospective septum formation. The asymmetric growth model of Begg and Donachie (1) is, at any stage of the division cycle, incompatible with the kind of growth we found. (The same discrepancy occurs with respect to the localization of penicillin- [3] -and ampicillin- [15] -sensitive sites.) DNA replication and DAP incorporation. Although the DNA replication pattern of E. coli W7 should be examined more extensively, it is clear that it resembles the pattern found for another DAP mutant, E. coli PAT 84. In both cases initiation of DNA replication started in the latter part of the division cycle and terminated in the next cycle. Whether the emergence of lateral incorporation areas (Fig. 3 and 5) or the emergence of a so-called 2C subpopulaton in E. coli PAT 84 (8) is related to the initiation of DNA replication should be investigated. Preliminary observations indicate that the occurrence of a mutation in the dap gene does not affect the DNA replication cycle (A. Olijhoek and N. Nanninga, unpublished data).
Another consideration is that one would like to distinguish between DAP incorporation into the cell membrane and that into the sacculus. One would also like to know whether the number of silver grains is directly related to the local DAP incorporation activity or to local DAP accessibility. Finally, the mechanism underlying the randomization of grains after a pulse-chase (13) should be clarified.
Is biogenesis of the sacculus carried out according to a zonal or a diffuse growth process? This depends on the accuracy by which zones can be discerned. We feel that zonal growth could be detected with the applied autoradiographic technique. At present it seems safer to conclude the DAP incorporation can occur everywhere (i.e., diffuse growth) but that areas are present where DAP incorporation takes place with higher probability than elsewhere. As mentioned above, these areas are the (future) septal region and, in the longest cells, dividing or nondividing, the lateral sides as well. ACKNOWLEDGMENT We are grateful to L. J. H. Koppes and C. G. van 
APPENDIX
We replace the notion of grains and cell halves by balls and boxes, respectively. Then the problem of equivalence of both halves of a cell is reduced to random placement of balls in two boxes.
LrIIIr2L
I II R = r, + r2
For R balls the probabilities for all possible partitions of R balls over the two boxes can be calculated. Let r1 denote the number of balls in box I and r2 the number in box II (with ri + r2 = R). Then the probability of having ri and r2 in boxes I and II, respectively, is: R! -r!= 2-(ri, r2 = 0, 1, 2,...) ri!r2!l Since for our purpose the configuration ri = a and r2 = b is equivalent to ri = b and r2 = a, we can proceed as follows: if r2 > ri, we replace box II by box I and vice versa. In all other cases box I remains box I (Fig. 2) . Now we can determine the distribution of every possible number of balls ri in box I provided that we have R balls. This distribution is called the theoretical grain distribution. To compare our cells with this theoretical distribution, we orient the cells such that the cell half with the greater number of grains is on the left (Fig. 2) . Then the grain numbers ri in the left half under the condition that the cell contains R grains are counted for all cells. The observed distribution is tested against the theoretical distribution by means of (2) . For this test the distributions are put in cumulative form (see Fig. 8 ). From the maximum difference and the shape of the distributions an approximate critical level for the two-sided test is calculated according to Conover (2) 
